Introduction
ncRNAs are a novel type of RNAs that are mainly expressed in eukaryotes. 1 With the rapid development of high-throughput sequencing technology and bioinformatics, accumulating evidence has demonstrated that ncRNAs are involved in the pathophysiology of various diseases, including Alzheimer's disease, 2 cardiovascular disease, 3 and cancers. [4] [5] [6] [7] [8] Abundant and functionally important types of ncRNAs include
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song et al tRNAs, rRNAs, miRNAs, siRNAs, lncRNAs, circRNAs, etc. ncRNAs play an important role in the epigenetic regulation of gene expression. For example, miRNAs affect the pathopoiesis and progression of angiogenesis-related diseases by regulating angiogenesis, cholesterol metabolism, and the inflammatory response, 9 and lncRNAs regulate the proliferation, invasion, migration, and apoptosis of various cancers. [10] [11] [12] In comparison to miRNAs and lncRNAs, the expression and functions of the newly discovered circRNAs remain to be elucidated.
circRNAs are generally considered to be ncRNAs, but increasing evidence has confirmed the capacity of some specific circRNAs to encode proteins. 13 Unlike traditional linear RNAs, circRNAs are characterized by covalently closed loop structures with neither 5′ caps nor 3′ tails and are free from digestion by RNA exonucleases. 14 Recently, a growing number of studies have indicated that circRNAs might present with greatly different expression in cells, tissues, and developmental stages, 15, 16 and could function in the following roles: serving as competitive endogenous ncRNAs or miRNA sponges, interacting with RNA-binding proteins, regulating parental gene expression, or encoding proteins. 17 The dysregulation of circRNAs in breast cancer, gastric cancer, and colorectal cancer have been reported and implicate the possibility of circRNAs as novel biomarkers. 7, 18, 19 However, the functions of circRNAs in esophageal carcinoma remain to be elucidated.
Esophageal carcinoma is one of the most common malignant tumors, with an estimated 572,000 new cases and over 509,000 deaths in 2018 globally. 20 Esophageal carcinoma may be due to either esophageal squamous cell carcinoma (ESCC) or esophageal adenocarcinoma. Histologically, ESCC is the most prevalent worldwide type. Surgical intervention, radiotherapy, chemotherapy, and molecular targeted therapy have all substantially contributed to treatment, but the overall 5-year survival rate of patients with ESCC is still <20% and even lower in developing countries, 21 primarily due to the majority of patients being diagnosed at an advanced stage. Previous studies have revealed the potential of epigenetic traits as biomarkers for the early diagnosis and therapeutic targeting of human cancers, but the role of circRNAs in ESCC has not been well explored.
In the current study, we had a great interest in a candidate circRNA (hsa_circ_0000337, also known as hsa_cir-cRNA_100872) in ESCC, which was identified through a high-throughput Arraystar Human circRNA Microarray. 8 hsa_circ_0000337 was one of the top ten upregulated circRNAs with a fold change (FC) =6.255 and P=0.006. To evaluate the feasibility of hsa_circ_0000337 as a diagnostic biomarker and therapeutic target, we verified its expression in ESCC tissues and cell lines and explored the functions of this specific circRNA in vitro by Cell Counting Kit-8 (CCK-8), colony formation, wound healing, and Transwell assays. Moreover, we used bioinformatic analysis and luciferase reporter assay to predict and identify the circRNA-miRNAmRNA axis in ESCC.
Patients and methods
Clinical specimens
We recruited ESCC patients from the First People's Hospital of Yancheng City from October 2016 to September 2017. No patients had received chemotherapy or radiotherapy before enrollment. Forty-eight pairs of cancer tissues and matched adjacent normal-appearing tissues were collected during esophagectomy. The cancer tissues were obtained from the center of the cancer lesion and the corresponding adjacent normal-appearing tissues were located >5 cm away from the edge of tumors. All of the tissue specimens were confirmed by two experienced pathologists and were kept in RNAsafety (Shanghai Biotechnology Corporation, Shanghai, People's Republic of China) and stored at −80°C until use. The characteristics of the study subjects are shown in Table 1 . Written informed consent was obtained from all patients. This study was approved by the Institutional Review Board of Nanjing Medical University (Nanjing, People's Republic of China). After informed consent was obtained from all participants, questionnaires were used to collect demographic data.
Cell lines
The human esophageal carcinoma cell lines KYSE-150 and TE-1 (Chinese Academy of Sciences, Shanghai, People's Republic of China) and the normal human esophageal epithelial cell line (HET-1A; Shanghai Yu Bo Biological Technology Co., Ltd., Shanghai, People's Republic of China) were used for functional analysis in Suzhou Healthcare Biology Science Co. Ltd (Suzhou, People's Republic of China). Cell lines were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA), with 10% FBS (Thermo Fisher Scientific) and antibiotics containing 100 U/mL penicillin and 100 U/mL streptomycin (Sigma-Aldrich Co., St Louis, MO, USA) at 37°C with 5% CO 2 . Total RNA was extracted from clinical tissue specimens using a RNeasy Mini Kit (Qiagen, Hilden, Germany) and from cells with Trizol (Thermo Fisher Scientific). cDNAs were synthesized using the PrimeScript™ RT reagent Kit (Qiagen, Hilden, Germany). The qRT-PCR was performed with SYBR ® Premix Ex Taq™ (Takara Bio Inc.) on a Roche Applied Science LightCycler 480II (Hoffman-La Roche Ltd., Basel, Switzerland). Divergent primers of circRNAs were designed through primer 5.0 and synthesized by Realgene (Nanjing, People's Republic of China). The primer sequences for hsa_ circ_0000337 were 5′-TCAGGATGCCTTGGGACT-3′ and 5′-TGTGCAGCCGGTCTAACC-3′. The relative expression of hsa_circ_0000337 was calculated by 2 −ΔΔCT and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The primer sequences for GAPDH were 5′ -CGCTCTCTGCTCCTCCTGTTC-3′ and 5′-ATCCGTTGACTCCGACCTTCAC-3′.
Oligonucleotide transfection
We constructed three types of siRNAs targeting hsa_ circ_0000337 to inhibit its expression in the TE-1 and KYSE-150 cell lines. The sequences were 5′-GAUGACAAGA-CAACCAUAATT-3′ and 5′-UUAUGGUUGUCUUGUCAU-CTT-3′ for siRNA1, 5′-CAAGACAACCAUAAAGUGUTT-3′ and 5′-ACACUUUAUGGUUGUCUUGTT-3′ for siRNA2, and 5′-GCUUGUUUGGCAAGAAAGATT-3′ and 5′-UCUUUCUUGCCAAACAAGCTT-3′ for siRNA3. We used Lipofectamine 2000 (Thermo Fisher Scientific) to transfect the siRNAs into the cell lines according to the manufacturer's instructions.
Cell proliferation
Cell proliferation was measured with the CCK-8 assay (Dojindo Laboratories, Kumamoto, Japan) and the colony formation assay. For the CCK-8 assay, we seeded cells into a 96-well plate at a density of 200 cells per well, and then added CCK-8 solution (10 µL) to each well and incubated at 37°C. The absorbance value at 450 nm was measured using a microplate reader (BioTek, Winooski, VT, USA). For the colony formation assay, we plated cells in a 24-well plate at a density of 1×10 4 cells per well and incubated at 37°C. Colonies were fixed with 4% paraformaldehyde (Sigma-Aldrich Co.) and stained with crystal violet (Sangon Biotech [Shanghai] Co. Ltd., Shanghai, People's Republic of China) for 20-30 minutes. Cell colonies were then counted and recorded.
Cell invasion
We used a 24-well Transwell chamber (8-µm pore size, Corning ® Costar ® ; Sigma-Aldrich Co.) coated with Matrigel to measure invasive cell ability. In brief, 4×10 5 cells per well were placed into the upper chamber with 200 µL serum-free medium, while medium containing 10% FBS (HyClone, Logan, Utah, USA) was added into the lower chamber. After incubation at 37°C for 24 hours, noninvasive cells in the upper membrane were scraped and the invasive cells in the bottom were then fixed with 95% ethanol (Sinopharm Chemical Reagent Co., Ltd., Shanghai, People's Republic of China) and stained with 0.5% crystal violet. The stained cells were counted under a microscope. 
Cell migration
We performed a wound healing assay by monitoring and quantifying cell growth in a defined area. Cells were cultured in serum-free medium for 24 hours and then mitomycin (1 µg/mL) was added in order to inhibit cell division. We used a 200-µL pipette tip to scrape the center of the well and washed the residual cells with PBS thrice, and then cultured cells in serum-free DMEM at 37°C with 5% CO 2 . The edge of the scratch was separately photographed at 0 and 24 hours to calculate the relative distance of cell migration. The edge of the scratch was separately photographed at 0 and 24 hours to calculate the relative unhealed area.
luciferase reporter assay
The luciferase reporter assay was used to test the effect of miRNAs targeted by hsa_circ_0000337. The 3′-UTR sequences of hsa_circ_0000337 with the predicted miRNA binding sites were amplified using PCR and then inserted into a psiCHECK-2 luciferase vector. The plasmid with wild-type or mutated hsa_circ_0000337 and miR-670-5p mimics were transfected into TE-1 and KYSE-150 cell lines using Lipofectamine 2000. After 48 hours of cotransfection, the relative luciferase reporter activity was detected using the Dual-Luciferase ® Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions.
Bioinformatics and statistical analysis
We predicted the circRNA/miRNA interaction by miRNA target prediction software (Arraystar's homemade) established from TargetScan and miRanda. Three bioinformatics databases, including TargetScan (http://www.targetscan.org/ vert_72/), miRDB (http://www.mirdb.org/), and miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/php/index.php) were used to predict the target genes of related miRNAs. Then, we took the intersection of the three databases using Venny 2.1 (http:// bioinfogp.cnb.csic.es/tools/venny/index.html). The ShapiroWilk test was used to detect the normality of quantitative data. Comparisons between groups were analyzed with the Wilcoxon signed-rank test. All statistical analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered as statistically significant.
Ethics statement
This study was approved by the Ethics Committee of Nanjing Medical University. After informed consent was obtained from all participants, questionnaires were used to collect demographic data. This study was conducted in accordance with the Declaration of Helsinki.
Results
hsa_circ_0000337 overexpression in esCC tissues and cell lines
In the chip-based discovery stage, 8 we observed that hsa_ circ_0000337 was one of the top ten upregulated miRNAs in ESCC with a fold change of over 6.2 and P=0.006. In the current study, we further validated this finding by comparing the expression level of hsa_circ_0000337 between cancer lesions and matched adjacent normal-appearing tissues from 48 patients with ESCC. As shown in Figure 1A , it was expressed at a high level in ESCC clinical samples. Additionally, we further explored the altered expression of hsa_circ_0000337 using in vitro cell lines. Compared to HET-1A (normal human esophageal epithelial cell line), it was significantly overexpressed in TE-1 cell lines (welldifferentiated squamous carcinoma), but with no significant difference in KYSE-150 cell lines (poorly differentiated squamous cell carcinoma) ( Figure 1B) . However, no significant relationship was observed between hsa_circ_0000337 and differentiation in ESCC clinical samples ( Figure 1C ).
hsa_circ_0000337 knockdown inhibits proliferation and invasion, and promotes apoptosis in esCC
We constructed three types of siRNAs targeting hsa_ circ_0000337 to inhibit its expression in the TE-1 and KYSE-150 cell lines. As shown in Figure 2 , siRNA3 significantly silenced the expression of hsa_circ_0000337 compared to the negative control. We then selected the siRNA3 interference cell (si-hsa_circ_0000337) as a competitive inhibitor to observe the function of hsa_circ_0000337 on the proliferation, migration, and invasion of ESCC. As shown in Figure  3A and B, knockdown of hsa_circ_0000337 significantly inhibited the growth of TE-1 and KYSE-150 cell lines in both the CCK-8 assay and colony formation assay. According to the wound healing assay, inhibition of hsa_circ_0000337 could slow the migration rate of the TE-1 and KYSE-150 cell lines (Figure 3C and D) . Silencing of hsa_circ_0000337 significantly limited cell invasion capacity in accordance with the Transwell assay ( Figure 3E and F) .
hsa_circ_0000337 serves as a sponge for miR-670-5p
Considering the sequence of the miRNA response element, we defined five miRNAs as having potential binding sites of hsa_circ_0000337. These miRNAs were miR-155-5p, miR-193b-5p, miR-494-5p, miR-670-5p, and miR-766-5p. Then, we used the luciferase reporter assay to verify whether these miRNAs could directly target hsa_circ_0000337. Our results suggested that luciferase activity declined following cotransfection with hsa_circ_0000337 wild-type and miR-670-5p mimics in TE-1 and KYSE-150 cell lines, while cotransfection with miR-670-5p mimics and the mutant hsa_circ_0000337 had no obvious effect on the relative luciferase activity (Figure 4) . However, there was no significant difference with the other four miRNAs (data not shown). This observation indicated that hsa_circ_0000337 may directly serve as a sponge for miR-670-5p in ESCC.
To date, the well-accepted functional pattern of circRNAs is the circRNA-miRNA-mRNA axis. 22, 23 In the current study, we also predicted the target genes of miR-670-5p using the TargetScan, miRDB, and miRTarBase databases 
Discussion
circRNAs represent a new subtype of endogenous ncRNAs involved in carcinogenesis, and have shown promise as biomarkers for the diagnosis and prognosis of human cancers. [24] [25] [26] The circRNA hsa_circ_0000337 has been reported to be has not yet been discovered. In the current study, we validated the upregulation of hsa_circ_0000337 in both ESCC cell lines and clinical samples. Moreover, we performed in vitro experiments, including CCK-8 and colony formation assays, as well as Transwell, wound healing, and luciferase reporter assays and revealed that hsa_circ_0000337 could promote the proliferation, migration, and invasion of ESCC cancer cells. Bioinformatics analysis and luciferase reporter assay suggested that miR-670-5p was the target miRNA of hsa_circ_0000337.
Compared to miRNA and lncRNA, circRNA is highly abundant, stable, and specifically expressed, which makes it an ideal molecular biomarker. For example, hsa_circ_002059, which is downregulated in gastric cancer tissues, has been suggested to be a prognostic biomarker since its expression in plasma was associated with tumor grade and distal metastasis. 27 circFBLIM1 plays a vital role in HCC progression.
28
circNT5E functions as an important tumor promoter in glioblastoma tumorigenesis by stimulating tumor proliferation, invasion, migration, and apoptosis, 29 while the circITGA7 can inhibit colorectal cancer growth and metastasis. 30 In terms of potential molecular mechanisms, studies have indicated that circRNAs containing miRNA target sites can serve as miRNA sponges and participate in posttranscriptional regulation of expression. For example, hsa_circ_0072995 acts as the sponge of miR-30c-2-3p and promotes breast cancer cell migration and invasion, 29 while circMTO1 suppresses HCC progression by binding to miR-9. 31 hsa_circ_0000337 is located on chr11: 70200406-70202360 with a length of 419 bp and its gene symbol is PPFIA1 (PTPRF interacting protein alpha 1). Studies have reported that PPFIA1 amplification was frequently observed in breast cancer, especially, in patients with liver metastasis, and seemed to be a promising prognostic indicator of metastatic relapse. [32] [33] [34] The exact mechanism of circRNA functions in ESCC remains unclear. We hypothesized that hsa_circ_0000337 could bind to specific miRNAs and regulate gene transcription through the circRNA-miRNA-mRNA axis. 35, 36 Bioinformatics analysis and luciferase reporter assay showed that hsa_circ_0000337 interacts with miR-670-5p, which is a key miRNA that targets multiple genes. It has been reported that miR-670-5p was associated with hepatocellular carcinoma by modulating PROX1 expression at the posttranscriptional level. 37 We predicted 21 candidate genes as the possible targets of miR-670-5p, of which PPP2CA, YOD1, PROX1, SEMA4B, DHX33, and SP1 were associated with tumor proliferation, migration, or invasion according to the published literature. [38] [39] [40] [41] [42] [43] hsa_circ_0000337 was observed to be upregulated in ESCC in a chip-based discovery study, 8 and it was also validated in the current study by expanding the sample size. We further investigated the expression level of hsa_circ_0000337 in ESCC cell lines. We found that it was overexpressed in TE-1 cells, but was not significantly different in KYSE-150 cells. The TE-1 and KYSE-150 cell lines were isolated from ESCC patients with different differentiation pathology. Therefore, we assumed that hsa_circ_0000337 might be associated with tumor differentiation. In the current study, due to the limited number of samples with poor differentiation, we did not observe a significant relationship between hsa_circ_0000337 and ESCC differentiation.
There are several limitations to our study. First, although we performed a validation study by expanding the sample size, the number of study subjects was still low and insufficient to prove the clinical value of the candidate circRNA as a biomarker. Recruitment of more ESCC patients across multiple centers with different grades and stages will help to validate our current findings. Second, we measured the function of hsa_circ_0000337 by knocking down its expression in vitro and predicted its target genes by bioinformatic analysis, but we did not perform overexpression analysis for further validation. Finally, the downstream functional 
Conclusion
hsa_circ_0000337 was upregulated in ESCC and promoted cancer progression by regulating cell proliferation, migration, and invasion. Our findings indicate that hsa_circ_0000337 may act as a promising biomarker and provide a new therapeutic target in ESCC.
